This paper presents a single current difference transconductance amplifier (CDTA) based all-pass current mode filter. The proposed configuration makes use of a grounded capacitor which makes it suitable for IC implementation. Its input impedance is low and output impedance is high, hence suitable for cascading. The circuit does not use any matching constraint. The nonideality analysis of the circuit is also given. Two applications, namely, a quadrature oscillator and a high Q band pass filter are developed with the proposed circuit. The functionality of the circuit is verified with SPICE simulation using 0.35 μm TSMC CMOS technology parameters.
Introduction
In filter applications pertaining to voice or audio frequency range, the magnitude characteristics play important role due to insensitivity of ear to change in phase whereas the phase characteristics dominate in video signal transmission. All pass filters are widely used for shifting the phase of the input signal while keeping the amplitude constant over the desired range of frequency. All-pass filters have also been used in the realization of dual element frequency controlled oscillator with certain benefits in harmonic rejection and quadrature property [1] , multiphase oscillators [2] , and high quality frequency selective filters [3] .
The main intention of this paper is to present a current mode first order all-pass filter configuration based on CDTA [4] . A detailed study of available first order current mode allpass filters based on CDTA [5] [6] [7] [8] [9] [10] [11] reveals that they use single CDTA and external resistors [5, 6] ; two CDTAs and virtually grounded capacitor [7] [8] [9] 11] ; the structure in [10] rely on matching constraint. A current mode filter should exhibit low input and high output impedance for easy cascadability, and this feature is not present in structures [5] [6] [7] [8] [9] 11 ]. The proposed current mode all-pass configuration uses a single CDTA called ZC-CDTA (Z copy CDTA) [12, 13] and a grounded capacitor. It presents low input impedance and high output impedance and uses no matching constraint. Two structures are presented in [10] which use a single ZC-CDTA and a grounded capacitor as that of the proposed one. However, one of the structures in [10] uses more numbers of terminals than the proposed one whereas the other structure uses matching condition for filter realization. The circuit is also analyzed for nonidealities of CDTA. Two applications namely a quadrature oscillator and a high Q band pass filter are developed using the proposed circuit. The functionality of all the circuits has been verified with SPICE simulations using 0.35 μm TSMC CMOS technology parameters.
Circuit Description
The circuit symbol of ZC-CDTA is shown in Figure 1 . The port relationships of the ZC-CDTA can be characterized by the following matrix: 2 
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where g m is transconductance of the ZC-CDTA. The CMOSbased internal circuit of ZC-CDTA in CMOS [12] is depicted in Figure 2 . The value of transconductance (g m ) is expressed as
which can be adjusted by bias current I 0 of ZC-CDTA.
The proposed first order all-pass filter based on ZC-CDTA is shown in Figure 3 . It uses a single ZC-CDTA and a grounded capacitor. The transfer function of the proposed circuit may be expressed as
and its corresponding phase response may be expressed as
It may be noted that there is no matching constraint for all filter realization and the pole frequency ω 0 = g m /C can be adjusted electronically by varying bias current (I 0 ) of ZC-CDTA.
Nonideal Analysis
The frequency performance of the filter circuit may deviate from the ideal one due to nonidealities. The nonidealities effect may be categorized in two groups: parasitics and transfer errors. The equivalent circuit of CDTA in presence of nonidealities may be represented as shown in Figure 4 [8] .
The resistances R p and R n are parasitic impedances at p and n ports, respectively, whereas shunt output impedances (R//C) are present at ports z, zc, x+, and x−. The current transfer from p and n ports to z port may differ from unity value and these tracking errors are represented by α p and α n . The inaccuracy in transconductance transfer from z to X+ and X− ports is modeled by βg m V z . Considering the inaccuracies outlined above, the transfer function in (3) becomes
For the CDTA circuit of Figure 2 , the value of impedance at port p is much smaller than port x [12] , hence (5) reduces to The value of R z is also very large so 1/R z can also be ignored. Thus (6) becomes
The corresponding phase is obtained as
It may be noted that the gain and pole frequency slightly deviates from their ideal values. In the proposed topology the parasitic capacitance C z may be accommodated in external capacitor C and the pole frequency may be made closer to the designed value by adjusting the value of transconductance.
Applications
In this section, two applications of the proposed APF have been presented.
Quadrature Oscillator.
The all-pass filter of Figure 3 may be used as quadrature oscillator when connected with an integrator in a closed loop. Figure 5 shows the desired connections. The analysis of the circuit of Figure 5 gives the following characteristic equation
The condition and frequency of oscillation are expressed as
The relationship between two output currents I out1 and I out2 is obtained as
Thus current outputs give quadrature relationship. It may also be noted from (10) and (11) 
Band Pass Filter.
A high Q band pass filter may be obtained with the proposed all-pass filter using the method proposed in [3] . The desired connections are shown in Figure 6 . It consists of two all-pass filters in cascade (1st and 2nd CDTA) and a current amplifier (3rd and 4th CDTA) in feedback loop. The analysis of the circuit of Figure 6 gives the following transfer function:
where g m = g m1 = g m2 , current gain K = g m3 /g m4 is transconductance ratio of the 3rd and 4th CDTAs. The filter parameters ω 0 and Q may be obtained as
It may be noted that the value of Q may be adjusted by ratio of bias currents of the 3rd and 4th CDTA, and is temperature independent also. It may be noted that the transfer function of (13) has double zero at frequency ω 0 and thus differ from ideal band pass transfer having a zero at origin. As a consequence, there will be deviation in the phase and magnitude responses but may be approximated as band pass response near center frequency [14] .
Simulation Results
To validate the theoretical analysis, the circuit of • between input and output. The relation between input and output magnitudes is shown in Figure 9 . To demonstrate the functionality of quadrature oscillator, an oscillator is designed for 1.35 MHz frequency. The various component values are C = 100 pF and I 01 = I 02 = 40 μA. The simulated results for current outputs of quadrature oscillator are shown in Figure 10 .
The band pass filter is designed for 135 KHz frequency with the 100 pF capacitor and bias currents I 01 = I 02 = I 04 = 40 μA. The value of Q is varied with bias current I 03 . The simulated results are shown in Figure 11 .
Conclusion
A new CM first order all-pass filter configuration based on a single CDTA and one grounded capacitor has been presented in this paper. The topology is suitable for cascading as it possesses low input and high output impedances. It possesses attractive feature of electronic tunability of pole frequency and phase characteristics. Two applications are developed namely a quadrature oscillator and a high Q band pass filter using the proposed all-pass filter. The functionality of proposed circuits is verified through SPICE simulations using 0.35 μm TSMC CMOS technology parameters.
